With the rapid development of the automotive industry in China, the common gear steels no longer meet the high speed and heavy load requirements of the automotive industry. 17Cr2Ni2MoVNb steel is a new type of gear steel in the automotive industry, but the mechanical properties of 17Cr2Ni2MoVNb are not well documented. In this study, the tensile properties and rotary bending fatigue behaviors of 17Cr2Ni2MoVNb were investigated, (quenched at 860 • C and tempered at 180, 400, 620 • C); the microstructures and fracture surface were analyzed using an optical microscope, scanning electron microscopy and transmission electron microscopy. The results show that at higher tempering temperatures, the tissue was denser, and the residual austenite transformed into lower bainite or tempered martensite. Dislocation density reduced while tempering temperature increased. Moreover, the samples with a tempering temperature of 180 • C exhibited the highest tensile strength of 1456 MPa, in addition to fatigue limits of 730, 700 and 600 MPa at temperatures of 180, 400, and 620 • C, respectively.
Introduction
In the field of gear strength design, it is important to take various material parameters such as tensile strength and fatigue strength limits into consideration. The strengths of common gear steels 20CrMnTiNb and 20CrMn were reported to be 1280 MPa and 1260 MPa, respectively [1] , and these materials cannot meet the high speed and heavy load requirements of the automotive industry. Fe-based alloys are always the first-choice material for the automotive industry, because of favorable mechanical properties and low cost [2] . Numerous studies mainly focus on Fe-based alloys to improve mechanical properties in gear steel [3] [4] [5] . Pereloma et al. found that Cr can delay Fe 3 C precipitation in low carbon steels [6] . In addition, a small amount of Ni was shown to improve the ductility. Adding an excessive amount would reduce ductility [7] . The addition of an appropriate amount of Mo contributes to precipitation strengthening and provides phase balance strengthening [8] . In particular, Wang's investigations showed that V can effectively prevent abnormal austenite grain growth in 10 h [9] . Xiao et al. demonstrated that Nb can significantly retard recrystallization. It can also effectively refine the recrystallized austenite grain; therefore, fine microstructures can be obtained [10] . Chen and Geng studied the influence of heat treatment on mechanical properties of Cr-Ni-Mo carburized gear steel, and the result indicated that the optimal austenitizing temperature is between 840 and 860 • C [11] . The early work by Wu et al. showed that the mechanical properties of Cr-Ni-Mo steel were linearly related to the tempering parameter in the tempering process, and the tested steel exhibited the tensile strength of 1150 MPa [12] . The platers (8 mm × 8 mm × 8 mm) were cut from the heat-treated samples at different temperatures, which were then polished and corroded with 4% alcohol nitric acid solution for 15 s. Afterwards, their microstructures were observed using an optical microscope (OM, LEICA M165C, Barnack, Germany) and a transmission electron microscope (TEM, FEI Tecnai G20, Oregon, USA) operating at 200 kV. An X-ray diffractometer (XRD, Cu Kα radiation, Amsterdam, Holland) was used to identify the metallographic phase of the materials. The hardness of the samples was measured with durometer (SCTMC, HV-50, Shanghai, China), using an applied load and dwelling time of 200 g and 15 s respectively. After being quenched and tempered treatment, the samples were machined into standard specimens for room temperature tensile (Chinese standard, GB/T228-2002) and fatigue tests (Chinese standard, GB/T4337-2015). The tensile tests using a universal testing machine (CMT5105, Shenzhen, China), and the dimension of tensile specimens are shown in Figure 1a . The fatigue tests were assessed using a rotating bending fatigue test machine (QBWP-10000X, Jinan, China), and the dimension of fatigue specimens is shown in Figure 1b . Fatigue strength of 1 × 107 cycles is usually defined as the fatigue limit. All specimens were tested at room temperature at a frequency of 6000 r/min and under load control at stress ratios R = −1, and the regarded load was taken as the control variable [13] [14] [15] . The dimensions of fatigue specimens are shown in Figure 1b . Fracture surfaces were examined with a scanning electron microscope (NOVA NANOSEM 430, Eindhoven, Holland). Before being examined, the surfaces were cleaned using alcohol for 5 min.
(a) (b) Figure 1 . Dimensions of the specimens for tensile tests and rotary bending fatigue tests: (a) specimen of tensile tests; (b) specimen of rotary bending fatigue tests.
Results and Discussion

Microstructural Characterization
Figure 2a-c shows the microstructural structures of 17Cr2Ni2MoVNb tempered at the temperature of 180, 400 and 620 °C, respectively. The tempering temperature had a great influence on martensitic shape; there were a large number of lath martensites, which were a product of standardized quenching as shown in Figure 2a . Figure 2c shows that after quenching and high temperature tempering, the structure maintained the microstructures, though they were more detailed and fuzzy. Figure 2d -f display the transmission electron microscopy (TEM) microstructures of long and slender ferrite and retained austenite at each tempering temperature. The results reveal that there were much more dislocations, and the areas marked with "1" illustrate the decomposition process of residual austenite. The residual austenite gradually transformed into lower bainite or tempered martensite at each heat treatment condition, and finer bainite were achieved at the temperature of 180 °C; a similar transformation of microstructures was previously reported by Shendy [16] . 
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Hardness
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Tensile Properties
Tensile Strength
It is well known that the effective methods to improve the strength in steel mainly include fine grain strengthening, and precipitation strengthening [20] . The fine grain strengthening is the most effective method of improving the strength. The reason is that the smaller the grain size is, the larger the number of boundaries. The grain size is investigated by the Scherrer equation, as follows:
where D is the mean size of crystal, K is the dimensionless shape factor, λ is the X-ray wavelength, β is the breadth at half the maximum peak intensity, and θ is the Bragg angle (in degrees).
The relationships between the mean size of crystal and the tempering temperature are shown in Figure 5 . It should be noted that the higher the tempering temperature, the larger the grain size: at tempering temperatures of 180, 400, and 620 °C, the mean grain sizes are approximately 24.53, 25.55 and 28.10 nm, respectively. Moreover, alloying carbides improve precipitation strengthening, while increased tempering temperature reduces the strengthening effect. The samples, tempered at 180 °C have the most alloying carbides. Therefore, samples at 180 °C have the best precipitation strengthening effect. 
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Fatigue Characteristics
S-N Curve
The S-N curves of the samples with different tempering temperatures are shown in Figure 8 . The arrows indicate the unbroken specimens in the fatigue tests. The most interesting finding of S-N curves was that the fatigue life increased when cyclic stress declined, with the S-N curves showing a general trend of this material. The fatigue strength limits at 10 7 cycles of the three specimens were about 730, 700 and 600 MPa, obtained at the standard limit for the samples with the tempering temperatures of 180, 400 and 620 • C, respectively. It should be noted that the dislocation was an important factor effecting the fatigue strength limits and high-density dislocations contributed to the improvement in fatigue strength [24] . With the tempering temperature rising, the stacking of dislocations coalesces, and this resulted in a decreasing dislocations density. Therefore, the samples tempered at 180 • C were logical to get the highest fatigue strength limits. 
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Fractography
Conclusions
The increased tempering temperature reduced the dislocations density, improved the detail of the microstructures, and the residual austenite gradually transformed into lower bainite or tempered martensite.
The tensile strengths were 1456, 1341 and 1019 MPa with the tempering temperatures of 180, 400 and 620 °C respectively. The size of cracks increased when the tempering temperature decreased, with the largest crack size of 8.33 μm appearing at the tempering temperature of 620 °C.
The fatigue strength limits decreased with an increase of the tempering temperature. Fatigue strength limits were measured about 730, 700 and 600 MPa, obtained with tempering temperatures of 180, 400, and 620 °C, respectively. The distance of slip lines decreased when the tempering temperature rose; the furthest distance of slip lines at the tempering temperature of 180 °C was about 3.91 μm.
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